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In this work, we report on the determination of the infrared Yb3þ ! Tm3þ energy transfer
efficiency in YF3:Yb
3þ/Tm3þ nanocrystals through the study of Yb3þ dynamics. The obtained
results are compared to those previously reported in macrocrystals to analyze possible changes
related to size reduction. Luminescence lifetimes are much shorter in the nanoparticles than in bulk
samples, a behavior that can be related to Yb3þ ! Yb3þ migration and the enhanced
surface/volume ratio of the nanoparticles. On the other hand, Yb3þ ! Tm3þ energy transfer
macroparameter remains unaltered, demonstrating that spectroscopic intrinsic parameters such as
radiative and non-radiative probabilities are not affected by size reduction. Finally, a formula that
describes Yb3þ lifetime dependence with Yb3þ and Tm3þ concentration is proposed, considering
both the effects produced by migration between Yb3þ ions and energy transfer from Yb3þ to Tm3þ
ions.VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4803540]
I. INTRODUCTION
Infrared-to-visible upconversion (UC) in rare-earth (RE)
based phosphors has been extensively studied during the last
decades because of their wide and important applications,
including color displays1,2 and solid-state lasers.3–5
Recently, the interest is renewed because of the potential
application of RE-doped nanosized materials in bioimaging
techniques.6–8 Compared to the traditional biological labels,
such as organic dyes and semiconductor nanoparticles,
RE-based nanoparticles possess several inherent advantages,
including weak auto-fluorescence background, excitation at
near-infrared (NIR), where a strong penetration in tissues is
found, resistance to photobleaching, and low toxicity.9–12
Among the different hosts available, fluoride materials
outstand due to the high efficiency of UC processes that can
be achieved, which can be related to their relatively low lat-
tice phonon energy. In particular, YF3 sensitized by Yb
3þ
ions and activated by Tm3þ ions exhibit very efficient upcon-
verted visible and near-UV emissions that are being widely
studied.13–17
The accessibility to nanocrystals’ synthesis routes that
can provide narrow size distributions and morphological ho-
mogeneity allows researching the effects of size and shape in
the luminescence properties of the material. Concerning YF3
co-doped with Yb3þ and Tm3þ, most of the synthesis routes
proposed in the literature led to irregular particles in the
nano- or micrometer range, and only two proposals led to
truly uniform nanocrystals15,18 that could be applied to study
size-dependant properties.
Most of the studies that consider size as a variable attrib-
ute the differences of the upconverted intensities to surface
defects (due to the increased surface/volume ratio in the nano-
particles compared to volume samples) or to the confinement
of phonons, which could modify the non-radiative transition
and non-resonant energy transfer probabilities.19–24 These
studies have improved the knowledge of the phenomenology
involved in the UC emissions, but very little attention has
been devoted to the luminescence dynamics and to the quanti-
fication of the physical magnitudes that describe energy trans-
fer in the nanocrystals. In particular, energy transfer
parameters, which represent the probability of the processes,
have not been determined yet, although they would provide a
deeper comprehension of the phenomena and would establish
whether there are important spectroscopic differences in com-
parison to the bulk material.
In this work, we report on the determination of the IR
energy transfer macroparameter in YF3:Yb
3þ/Tm3þ nano-
crystals and we compare our results with those previously
obtained in macrocrystals.
II. EXPERIMENTAL METHOD
YF3 nanoparticles doped with different concentrations
of Yb3þ or Yb3þ/Tm3þ ions were synthesized using the pro-
cedure described elsewhere:25 proper amounts of RE precur-
sors (yttrium(III) acetate, Aldrich 99.9%; thulium(III)
acetylacetonate, Alpha Aesar 99.9%; and ytterbium(III) ace-
tylacetonate, Alpha Aesar 99.9%) were dissolved in ethylene
glycol (Fluka, 99.5%) under magnetic stirring at 100 C to
facilitate the dissolution process. These solutions were
cooled down to room temperature and then the desired vol-
ume of ionic liquid [BMIM]BF4 (Fluka, 97%) was admixed
keeping the magnetic stirring. The final solutions were then
aged for 15 h in tightly closed test tubes using an oven pre-
heated at 120 C.a)marta.quintanilla@uam.es
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After ageing, the resulting dispersions were cooled
down at room temperature, centrifuged to remove the super-
natants, and washed in ethanol and distilled water. The pow-
ders were then dried at 50 C and annealed for 20min at
400 C. This procedure has been proved to be adequate to
eliminate residual OH groups, resulting in enhanced fluo-
rescence properties, while preserving the size and shape of
the nanocrystals.26
The morphological and structural characterizations of
the nanoparticles have been reported elsewhere.15 In that
work, it was shown that they crystallized into the orthorhom-
bic YF3 structure and show a highly homogeneous chemical
composition. They also present rhombic shape (Figure 1)
and a mean size of 125  55  23 nm, a data obtained from
TEM micrographs by counting several hundreds of particles.
The optical characterization has been performed under
diode laser excitation (LIMO) at 975 nm. The luminescence
of the powdered samples has been dispersed and selected
with a monochromator (ARC Spectrapro 500-I) and then
detected with a photomultiplier tube (PMT) (Thorn Emi
QB9558) for the visible range or an InGaAs photodiode
(Hamamatsu P8079) for the near-IR range.
III. RESULTS AND DISCUSSION
The infrared emission of Yb3þ ions is shown in Figures
2(a) and 2(b) for single doped samples and for samples
co-doped with Tm3þ ions, respectively. In the case where
only Yb3þ ions are present, the intensity of the emission in
the samples is lower at higher concentrations. This behavior
could be related to migration between Yb3þ ions, an effect
that will be analyzed later. On the other hand, in the codoped
samples, the emission intensity decreases when Tm3þ ions
concentration is increased keeping constant Yb3þ content.
To understand this, it has to be considered that there are
energy transfer processes involving these ions that will mod-
ify the population density in the different excited states. As
an example, in the inset of Figure 2(b), the visible and UV
upconverted luminescence of YF3:Yb
3þ/Tm3þ nanoparticles
after selective CW excitation of Yb3þ ions at 975 nm is
shown. All the observed emissions are distinctive of Tm3þ
ions and confirm with their presence the existence of energy
transfer and UC mechanisms involving Yb3þ and Tm3þ
ions. The transitions associated with the different emission
bands are labeled in the figure. According to the traditionally
accepted description of the energy transfer in Yb3þ/Tm3þ
co-doped materials, the different energy levels of Tm3þ ions
are populated through a chain of at least three consecutive
energy transfer processes from Yb3þ ions.27,28 These proc-
esses are schematically depicted in Figure 2(c).
As it can be seen, once Yb3þ ions are populated, a first
energy transfer step from Yb3þ to Tm3þ can take place (2F5/2
! 2F7/2 (Yb3þ):3H6 ! 3H5 (Tm3þ)), followed by a non-
radiative relaxation from 3H5 level that populates the lower
FIG. 1. TEM micrographs of [Tm3þ]
¼ 2mol. % and [Yb3þ]¼ 20mol.% nano-
crystals, where the high homogeneity of the
sample and the rhombic shape can be
appreciated.
FIG. 2. (a) Emission spectra of Yb3þ ions
in YF3:Yb
3þ single doped nanoparticles.
(b) Emission spectra of Yb3þ ions in
Yb3þ/Tm3þ doped YF3 nanoparticles. In
the inset, it is shown the emission spec-
trum in the UV and VIS ranges of
[Tm3þ]¼ 2mol.% and [Yb3þ]¼ 20mol.
% sample under excitation at 975 nm. (c)
Yb3þ ! Tm3þ energy transfer processes.
The dashed arrows stand for the three
processes involved. The nomenclature
used to label the levels in the rate equa-
tions is also included.
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lying excited level of thulium (3F4). Then, a second energy
transfer from Yb3þ ions (2F5/2 ! 2F7/2 (Yb3þ):3F4 ! 3F2,3
(Tm3þ)) populates 3F2,3 level of Tm
3þ ions. 3F2,3 can be also
relaxed following a non-radiatively path that now will popu-
late 3H4 level. Later, it is possible to observe a third up-
conversion process from Yb3þ that populates 1G4 level (
2F5/2
! 2F7/2 (Yb3þ):3H4 ! 1G4 (Tm3þ)). A further step to popu-
late an even higher energy level of thulium, 1D2, also takes
place; although in this case the exact mechanism is not yet
fully elucidated and different possibilities are usually
considered.16,29–31
As it can be deduced from Figure 2(c), the probability of
the second and third upconversion processes depends on the
probability of the first IR energy transfer from Yb3þ ions to
Tm3þ ions, which triggers all the subsequent steps.
Therefore, the first energy transfer mechanism is the key pro-
cess to allow the upconversion, and any change in that pro-
cess will strongly affect the intensity of the visible and UV
emissions.
The population dynamics and the emission of the differ-
ent Yb3þ and Tm3þ levels in macroscopically sized YF3
crystals have been described in a classical paper by
Ostermayer et al.27 Nevertheless, it was demonstrated that
while the first up-conversion step can be accurately charac-
terized, the quantitative evaluation of the second and third
ones is not so straightforward.27,32 Considering all these
facts, we will focus our attention in the quantification of the
first energy transfer step probability.
Using a set of coupled differential rate equations, mac-
roscopic energy transfer coefficients (Ki) can be used to
quantify energy transfer probabilities.27 After selective Yb3þ
excitation, the dynamics of the ytterbium excited state (2F5/2)
can be expressed (applying the notation for the energy levels
shown in Figure 2(c)) as
dNY2
dt
¼ rabs/NY1  ðAY21 þWNRY21ÞNY2  K1NY2NT1
 K2NY2NT2  K3NY2NT4; (1)
where rabs is the Yb
3þ absorption cross section, / is the
excitation photon flux and NYi (i¼ 1, 2) and NTj (j¼ 1,…, 6)
represent the population densities (in ions/cm3) of the differ-
ent ytterbium and thulium levels, respectively. Transition
rates are expressed in terms of the radiative, Ai, and
non-radiative, WNR, decay rates, while Ki (i¼ 1, 2, 3) are
the macroscopic transfer parameters associated to each Yb3þ
! Tm3þ energy transfer.
Following the paper by Ostermayer et al.,27 the first
parameter K1 can be deduced from the dependence of Yb
3þ
lifetime on Tm3þ concentration. After pulsed excitation, the
populations of the upper levels become negligible, as it is the
back-transfer process from Tm3þ to Yb3þ due to the rela-
tively high energy mismatch between the donor and acceptor
transitions (1650 cm1). Thus, Eq. (1) can be simplified
and then written in terms of decay time to have
1
sexp
¼ 1
sY2
þ K1NT1; (2)
where sexp is the measured decay time and sY2 is the lifetime
of the Yb3þ excited state in the absence of energy transfer to
Tm3þ ions. It can be inferred from Eq. (2) that Yb3þ ions
will exhibit a lifetime that decreases linearly with Tm3þ con-
centration. This simple relationship between both magni-
tudes can be used to determine the energy transfer
coefficient K1 which, as previously stated, is the most basic
parameter describing Yb3þ to Tm3þ interactions.
For that reason, lifetime measurements, after selective
pulsed excitation of Yb3þ ions (kexc¼ 975 nm), have been
performed in samples with variable thulium content ([Tm3þ]
ranging from 0.1mol. % up to 10mol. %) and constant ytter-
bium concentration at [Yb3þ]¼ 10mol. % (2.1  1021 ion/
cm3).15 To avoid any laser background, the lifetimes have
been measured at 1030 nm, where Yb3þ ions show the fur-
thest emission peak from the excitation laser (Figures 2(a)
and 2(b)). The obtained results are presented in Figure 3.
As it can be observed, the decays are non-exponential.
Energy transfer processes can sometimes (depending on the
probability of the different processes involved33) account for
divergences from a purely exponential behavior, as it is often
the case in Yb3þ/Tm3þ systems.27 Also, in the special case
of nano-emitters, non-exponential behaviors such as those
observed in Figure 3 can be also attributed to the enhanced
weight of surface defects on the decay curves in comparison
to those obtained in bulk materials due to the high surface/
volume rate.34 Therefore, it can be assumed that both effects
are taking place in our case.
The lifetimes of lanthanide ions affected by energy
transfer processes are generally described by the classical
formalism of Inokuti-Hirayama or alternatively, Yokota-
Tanimoto.35,36 Nevertheless, in the present case, as it has
been mentioned before, the high surface/volume ratio is
likely to modify the shape of the decay curves and, thus, this
formalism cannot be applied. For this reason, different crite-
ria to quantify the lifetimes of nanoparticles can be found in
the literature.24,34,37–40 Here, in order to facilitate the com-
parison to the data previously published for YF3 crystals, we
shall adopt the criteria used by Ostermayer et al.27 and quan-
tify Yb3þ lifetimes using the time to decay to I/e, where I is
FIG. 3. Temporal evolution of the Yb3þ luminescence (2F5/2 ! 2F7/2 transi-
tion) as function of the Tm3þ content.
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the initial intensity. The inverse of the measured lifetimes for
nanocrystals with [Yb3þ]¼ 10mol.% and variable [Tm3þ] is
represented in Figure 4 as function of Tm3þ concentration.
According to the figure, the results follow the expected linear
dependence predicted by Eq. (2). From the least square fitting
of the experimental data, an energy transfer coefficient
K1¼ (1.26 0.2)  1017 cm3/s and an intrinsic lifetime of
Yb3þ ions at the present concentration sY2¼ (726 5) ls are
obtained.
These values for K1 and sY2 can be now compared to
those previously calculated by Ostermayer et al.27 for poly-
crystalline YF3 crystals with macrometric sizes: K1¼ 1.2
 1017 cm3/s and sY2¼ 1650 ls. For clarity, in Figure 5,
the measured values of 2F5/2(Yb
3þ) lifetime are plotted
together with those obtained by Ostermayer et al.27
It is clear that Yb3þ lifetimes in the absence of energy
transfer (low Tm3þ content limit) are substantially lower in
the nanoparticles than in the polycrystalline material; how-
ever, the transfer coefficient has the same value in both
cases. The coincidence of the transfer rate between macro-
scopic samples and nanoparticles can be understood consid-
ering the spectroscopic physical meaning of the magnitude.
The macroscopic energy transfer parameter, K1, is directly
related to the ion-ion interaction between ytterbium and thu-
lium ions,41–43 and therefore, to the microscopic parameter
describing Yb3þ ! Tm3þ interaction, which exclusively
depends on intrinsic spectroscopic magnitudes such as
absorption and radiative and non-radiative probabilities.44
These intrinsic parameters are not expected to suffer modifi-
cations as long as the material preserves characteristics such
as crystal structure, lattice parameters, and optical center dis-
tribution, which seem to be the same in the crystals and
nanoparticles. Therefore, the relevant differences obtained in
the two different kinds of samples must be related to a differ-
ent effect.
It is clear from Figure 5 that energy transfer processes in
polycrystalline samples start competing with the Yb3þ intrin-
sic decay at Tm3þ concentrations of 2 1019 ions/cm3
(0.1mol.%), while in the nanoparticles, this effect
becomes significant only above [Tm3þ]¼ 2 1020 ions/cm3
(1mol.%). This difference is related to the variation
observed for the “intrinsic” Yb3þ lifetime, sY2, that is, with-
out Tm3þ. Being the effect of Tm3þ ions excluded, the only
difference between the two different kinds of samples has to
be related to Yb3þ ! Yb3þ energy transfer, also known as
migration, which can be very efficient and gives rise to self-
quenching.
To analyze the self-quenching related to Yb3þ content,
new series of single doped Yb3þ:YF3 nanoparticles were pre-
pared, with concentrations ranging from 1mol.% up to
10mol.%. The luminescence decays, measured in the same
conditions applied before, are presented in Figure 6. It can
be observed that, again, the decays are non-exponential and
become faster as Yb3þ concentration increases.
The dependence of the lifetime with Yb3þ concentration
in terms of I/e of the decay time is shown in Figure 7.
According to the results, s1 follows a linear dependence
with Yb3þ concentration, indicating a clear self-quenching
FIG. 4. Dependency of 2F5/2(Yb
3þ) lifetime with Tm3þ concentration. The
line is the least square fitting of the experimental data.
FIG. 5. Experimental lifetime values obtained for YF3:Yb
3þ/Tm3þ nanopar-
ticles for different Tm3þ contents and data obtained by Ostermayer et al.27
For the sake of clarity, in the case of nanoparticles, the lifetime obtained
when no Tm3þ ions are present (intrinsic Yb3þ lifetime) is added as a dashed
line.
FIG. 6. Temporal decay of 2F5/2(Yb
3þ) luminescence in samples with vari-
able Yb3þ content and without Tm3þ ions.
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associated to Yb3þ ions. As it has been done before, the self-
quenching can be described as
1
sexpðYb3þÞ ¼
1
sYbð0Þ þ KYYNYb; (3)
where sexp(Yb
3þ) represents the measured decay time for
different Yb3þ concentrations, and KYY represents a macro-
scopic parameter related to the probability of all the concen-
tration dependent mechanisms that could depopulate
ytterbium ions. The experimental data can be fitted (continu-
ous grey line in Figure 7) to obtain KYY¼ (5.96 0.4)
 1018 cm3/s and sYb (0)¼ (16006 300) ls.
As it can be seen, the macroparameter related to migra-
tion between Yb3þ ions (KYY) is an order of magnitude
lower than the corresponding parameter for Yb3þ to Tm3þ
energy transfer, K1. Nevertheless, it has a sizeable effect on
the observed lifetimes and accounts for some reduction on
them. Substituting the calculated KYY and sYb(0) values in
Eq. (3), a curve representing the lifetime of Yb3þ ions (red
line in the inset of Figure 7) can be calculated, and it shows
that some migration effect is observed even in the sample
with the lowest Yb3þ concentration considered.
It is clear that energy migration facilitates the excitation
light to travel through the material and eventually to reach
quenchers such as vacancies and impurities that could reduce
the lifetime. Generally, the material surface is expected to
have a relatively high amount of defects, and therefore, in
materials such as nanoparticles that have a large surface/vol-
ume ratio, especially when there are no further coatings, as it
is the case, self-quenching related to high Yb3þ ! Yb3þ
energy migration is expected.
Once again, it is possible to compare the lifetimes
obtained for Yb3þ ions in the nanoparticles to those obtained
by Ostermayer et al.27 using macroscopic crystals doped
with different Yb3þ concentrations. The comparative graph
is shown in the inset of Figure 7. It is clear that the difference
between the lifetimes measured for the nanoparticles and for
the macroscopic crystals is larger for larger Yb3þ concentra-
tions. On the contrary, for lower Yb3þ contents, both fitted
curves tend to approximately the same value that, in fact,
can be assumed to be the same one taking into account the
error of the linear fitting in Figure 7. This result is consistent
with the formerly exposed effect of surface quenchers on the
lifetimes after energy migration through Yb3þ ions. First,
this effect would be larger at higher Yb3þ concentrations,
since energy migration is favored in that case and second,
the effect would be stronger in nanoparticles than in macro-
scopic crystals, since the surface/volume ratio is much larger
for the nanoparticles. Consequently, it can be assumed that
the main reason behind the shorter lifetimes in the nanopar-
ticles, which was first observed in Figure 5, is the presence
of quenchers on their surface.
Looking at Figure 5 and at the inset of Figure 7, it can
be observed that the comparison between nanoparticles and
macroscopic samples follows exactly the opposite behavior
in each case. In Figure 5, the lifetimes at low dopant con-
centration are more than one order of magnitude different,
while in Figure 7 they are the same. On the other hand,
Ki does not change for Yb
3þ ! Tm3þ interaction, while it
is strongly affected in the Yb3þ ! Yb3þ study. To under-
stand these results, it has to be considered that the studied
effects are different in each case. In the first situation
(Figure 5), Tm3þ concentration is being changed and Yb3þ
lifetimes are used as a probe. Therefore, energy migration
between Yb3þ ions will always be the same and the only
reason that could modify the lifetimes is Yb3þ ! Tm3þ
interaction.
On the contrary, for the Yb3þ ! Yb3þ study, the meas-
ured lifetime is the one associated to the ion which concen-
tration is being modified. Consequently, KYY parameter
would account not only for energy transfer between two
Yb3þ ions (migration) but also for the effect of quenchers on
the acceptor ion, being this the reason why KYY is different
in nanoparticles and in macroscopic samples. This also
explains why at lower Yb3þ contents the lifetime in both
kinds of samples is the same.
Therefore, as it has been proved, the 2F5/2 temporal evo-
lution is affected by the energy transfer to the acceptor ions
(Yb3þ ! Tm3þ) as well as by migration between donor ions
(Yb3þ ! Yb3þ). Considering the previous results, sexp can
be expressed in one single relationship as
1
sexp
¼ 1
sYbð0Þ
þ K01NTm þ KYYNYb; (4)
where KYY¼ 5.9 1018 cm3/s and sYb(0)¼ 1600 ls.
According to Mita et al.,32 in the low concentration regime
the transfer parameter K01 has an initial dependence on Yb
3þ
content and it tends to K1 for sufficiently high Yb
3þ con-
centrations. Therefore, it can be expressed as
K01 ¼ 1:23  1017f1 expð8  1022NYbÞg.
Summarizing, it has been observed that from the micro-
scopic point of view, there is no change on the energy trans-
fer probabilities comparing bulk crystals with nanoparticles.
Nonetheless, migration effects become much stronger in the
second case, effectively shortening the lifetimes of Yb3þ
FIG. 7. Experimental lifetime variation of 2F5/2(Yb
3þ) with Yb3þ concentra-
tion (without thulium ions). The least square fitting of s1 vs. [Yb3þ] is plot-
ted to determine KYY and sY, and the curved obtained with the fit is shown
in the inset.
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ions. In Yb3þ/Tm3þ doped materials, the sensitizers of
the excitation light are Yb3þ ions, and they also play the
role of donor ions in every energy transfer process involved
in the emission of visible and UV light (Figure 2(c)).
Consequently, this quenching will be a relevant effect
directly affecting the upconverted emissions.
It has been previously demonstrated15 that due to the mul-
tiphoton intrinsic nature of the upconversion processes, blue
and UV emissions from Tm3þ ions are generally favored by
high Yb3þ contents, at least up to 20mol.%. Then, for even
larger concentrations, the upconverted intensities do not show
any further increase, and in some cases, they can decrease. This
fact is consistent with a strong quenching of the Yb3þ excited
state caused by migration and the high surface/volume ratio of
the nanoparticles, which would prevent Yb3þ ions from provid-
ing the needed energy to Tm3þ ions. Thus, from the point of
view of the applications based on visible upconverted light, for
higher Yb3þ concentrations it becomes more important to avoid
quenchers by protecting the nanoparticles’ surface.
IV. CONCLUSIONS
In conclusion, it has been proposed a simple method to
quantify the IR energy transfer macroparameter in Yb3þ/
Tm3þ co-doped samples, which is on the base of all the
upconversion mechanisms involved in the emission of UV
and blue light from Tm3þ. The obtained results indicate that
in the nanoparticles Yb3þ ! Tm3þ energy transfer parame-
ter (K1) shows the same value than in macroscopic crystals.
This implies that the spectroscopic parameters involved,
such as emission and absorption rates, remain unaltered
when the material size is reduced, at least within the size
range considered in this work. Nevertheless, lifetimes are
much shorter in the nanoparticles than in macroscopic sam-
ples. It has been shown that this happens due to the high
migration rate between Yb3þ ions and the strong contribu-
tion of surface defects in the case of nanoparticles. Both
Yb3þ to Tm3þ infrared energy transfer parameter and Yb3þ
to Yb3þ migration process have been characterized, allowing
the construction of a single equation that describes Yb3þ life-
time for any Tm3þ and Yb3þ concentrations.
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